Malaria is a complex infectious disease in which the host͞parasite interaction is strongly influenced by host genetic factors. The consequences of plasmodial infections range from asymptomatic to severe complications like the neurological syndrome cerebral malaria induced by Plasmodium falciparum in humans and Plasmodium berghei ANKA in rodents. Mice infected with P. berghei ANKA show marked differences in disease manifestation and either die from experimental cerebral malaria (ECM) or from hemolytic anemia caused by hyperparasitemia (HP). A majority of laboratory mouse strains so far investigated are susceptible to ECM; however, a number of wild-derived inbred strains show resistance. To evaluate the genetic basis of this difference, we crossed a uniquely ECM-resistant, wild-derived inbred strain (WLA) with an ECM susceptible laboratory strain (C57BL͞6J). All of the (WLA ؋ C57BL͞6J) F 1 and 97% of the F2 progeny displayed ECM resistance similar to the WLA strain. To screen for loci contributing to ECM resistance, we analyzed a cohort of mice backcrossed to the C57BL͞6J parental strain. A genome wide screening of this cohort provided significant linkage of ECM resistance to marker loci in two genetic regions on chromosome 1 ( 2 ‫؍‬ 18.98, P ‫؍‬ 1.3 ؋ 10 ؊5 ) and on chromosome 11 ( 2 ‫؍‬ 16.51, P ‫؍‬ 4.8 ؋ 10 ؊5 ), being designated Berr1 and Berr2, respectively. These data provide the first evidence of loci associated with resistance to murine cerebral malaria, which may have important implications for the search for genetic factors controlling cerebral malaria in humans.
M
alaria is one of the most serious parasitic diseases of humans worldwide, being endemic in many tropical countries and claiming the life of over 2-3 million people every year (www.who.ch). Plasmodium falciparum is responsible for one of the most severe form of the disease, the neurological syndrome cerebral malaria (CM) (1, 2) . CM is a complex pathological process influenced by multiple factors including the parasite genotype and the immune status and genetic background of the host (3) (4) (5) (6) (7) .
In the search for host genetic factors controlling malaria infections, several mutations have been reported to have a protective effect against severe malaria, as observed in sickle cell anemia, Melanesian Ovalocytosis, glucose-6-phosphate dehydrogenase, and thalassaemias deficiencies (8, 9) . Certain HLA haplotypes (5, 10) and an allelic variant of the tumor necrosis factor (11) (12) (13) have also been associated with disease severity. Despite some progress, better understanding of the genetics controlling host resistance to malaria is essential to disclose the complex host͞parasite interactions.
Even if murine models do not reproduce exactly the human disease, they are of great importance in the study of malaria infections by allowing the control of several factors, such as environment stimuli and parasite diversity, that cannot be controlled in human studies (14, 15) . Genetic analysis of such models may also be essential to identify candidate genes contributing to the control of the human disease. Thus, genetic analysis of susceptibility to infection by Plasmodium chabaudi in F 2 and backcross cohorts has been used to map several loci associated with survival to infection on chromosome 9 (Char1) (16) , control of peak parasitemia on chromosome 8 (Char2) (17) , and control of parasite clearance on chromosome 17 (Char3) (18) . A previously uncharacterized malaria susceptibility locus (Char4) on chromosome 3 controlling peak parasitemia was identified by using recombinant congenic mouse strains (19) . Resistance to peak parasitemia and death induced by Plasmodium yoelii infection was recently mapped to a distal region on chromosome 9 (Pymr), overlapping with the Char1 region, probably representing one locus controlling susceptibility to rodent malaria (20) .
Genetics of mouse malaria has mainly focused on resistance͞ susceptibility to parasitemia induced by the strains P. chabaudi and P. yoelii. To study the genetic factors controlling CM, an experimental model is provided by the lethal strain P. berghei ANKA. All inbred mouse strains tested so far are susceptible to the infection with this parasite strain, and either die from ECM (experimental CM) or with hemolytic anemia caused by hyperparasitemia (HP) (21) (22) (23) . The fact that the same parasite can induce different disease manifestations in different mouse strains illustrates the importance of the genetic background of the host for the course of the infection. It is well established that C57BL͞6J mice infected with P. berghei ANKA are highly susceptible to ECM. The mice die 5-12 days after parasite inoculation with severe neurological symptoms and moderate levels of parasitemia (10-20%) . Relative resistance to ECM has been reported for some laboratory mouse strains, and more recently we reported that certain wild-derived inbred mouse strains display more pronounced resistance to ECM (21) .
This phenotypic heterogeneity has recently been used to screen for genetic factors controlling resistance to experimental severe malaria, a phenotype based on the survival of mice infected with P. berghei ANKA. Thus, using a F 2 generation from a cross between two laboratory strains, the susceptible C57BL͞6J and a relatively resistant strain DBA͞2, a locus on chromosome 18 was reported to be associated with resistance to experimental severe malaria (24) .
To exploit the pronounced ECM resistance observed in wild-derived inbred mouse strains as well as the unique naturally occurring genetic variability they represent (25), we have used a cross between the susceptible strain C57BL͞6J and the highly resistant, wild-derived inbred strain WLA to elucidate the genetic mechanism involved in the control of susceptibility͞ resistance to ECM induced by P. berghei ANKA clone 1.49L. We used 190 (WLA ϫ C57BL͞6J) F 1 ϫ C57BL͞6J backcross mice and 132 microsatellite markers covering the genome, and found two resistance loci on chromosome 1 (Berr1) and chromosome 11 (Berr2).
Materials and Methods
Animals. The C57BL͞6J Rj mice were purchased from Elevage Janvier (Le Genest St Isle, France). The inbred strain WLA͞Pas (Mus musculus domesticus) was obtained from a wild pair originally caught in France that was bred by brother-sister mating for over 60 generations at the Institut Pasteur. All of the mice used in this study were kept in conventional facilities at the Institut Pasteur.
Infection Protocol. P. berghei ANKA clone 1.49L, kindly provided by D. Walliker (Institute of Genetics, Edinburgh, U.K.) was maintained by passage on C57BL͞6J mice. This clone was selected for its ability to induce ECM (26) . All of the mice in this study were infected with the same stabilate by i.p. injection of 10 6 parasitized red blood cells at 8 weeks of age. Parasitemia progression was determined using flow cytometry analysis (27) . Neurological symptoms and death were recorded every day. ECM was diagnosed by clinical signs including ataxia, paralysis (mono, hemi, para, or tetraplegia), deviation of the head, convulsions, and coma, followed by death. Infected mice that died with neurological symptoms were classified as CM susceptible.
Genotyping. Genomic DNA was prepared from mouse tails before infection using standard techniques. The 190 backcross mice were genotyped by using conventional PCR protocols for 131 microsatellite markers obtained from the Whitehead͞MIT Center for Genome Research collection (www.genome.wi.mit. edu͞cgi-bin͞mouse͞index). The TGFb2 primers (left primer 5Ј-CAGCAGTCTCAGATTGGAAGG-3Ј and right primer 5Ј-ACATGGTGGGGATCACTCAT-3Ј) were synthesized in accordance with the GenBank database sequence (accession no. AF118263) and detect a polymorphism in the promoter region of the TGFb2 at the position 830 bp. All genotypes were detected by conventional protocols (28) .
Statistical Analysis. Genetic association of ECM resistance was analyzed by 2 test on contingency tables. Evidence for significant linkage (1 degree of freedom) was considered at P Ͻ 0.0001.
Genetic interaction analysis was performed essentially as described by Cordell et al. (29) . Briefly, the relative penetrances were calculated as ratio resistant͞total animals for each genotype category. The mathematical models used for the additive, multiplicative and heterogeneity interaction are described by Cordell et al. (29) . The models were fitted to the data by maximizing the model likelihood with the respect to the parameters to be estimated. The goodness of fit of each model was tested by the 2 of twice the difference between the natural logarithms of the maximized likelihood and of the observed data likelihood.
Results
ECM is defined by the appearance of neurological signs, typically ataxia, paralyses, deviation of the head, and coma, with death occurring between day 5 and 12 after infection. Death by ECM occurs with low levels of parasitemia, not higher than 25% parasitized red blood cells in the strains of mice studied.
We have previously reported that the wild-derived inbred mouse strain WLA display a unique resistance to ECM contrasting to susceptible strains like C57BL͞6J, but also to Fig. 1 . Genetic resistance to ECM after infection with P. berghei ANKA clone 1.49L is a dominant trait. After infection, the mice that died between days 5 and 12 developed a neurological syndrome, and were designated ECM susceptible (ECMS). The remaining animals resist ECM but died at a later stage with HP and hemolytic anemia, being designated HP susceptible (HPS). In the F 2 progeny, some individuals were found to resist to both ECM and HP. We tested 49 females and 15 males C57BL͞6J, 11 females and 10 males WLA, 13 females and 18 males (WLA ϫ C57BL͞6J) F 1, 99 females and 91 males (WLA ϫ C57BL͞6J) F1 ϫ C57BL͞6J and 79 females and 96 males (WLA ϫ C57BL͞6J) F 2.
other relatively resistant strains like DBA͞2 (21) . After infection with P. berghei ANKA clone 1.49L, all WLA mice tested so far do not show any neurological symptoms but invariably die 11-25 days later ( Fig. 1 ) with high levels of parasitized red blood cells reaching peaks of 50 -90% (21) . This phenotype defines the ECM resistance trait. All (WLA ϫ C57BL͞6J) F 1 animals were found to be resistant to ECM similar to the WLA parental strain (Fig. 1) (21) . In the F 2 progeny, resistance to ECM was observed in 97% individuals. These data indicate that resistance to ECM is a dominant trait and is under polygenic control. Interestingly, a fraction (16%) of the ECM resistant F 2 animals also displayed resistance to HP. This represents a previously undescribed phenotype in relation to P. berghei ANKA infections.
In this report we focused on the ECM phenotype to separate the genetic analysis of CM from other causes of death by malaria infection. To facilitate the identification of genetic factors controlling susceptibility͞resistance to ECM, we chose to use a (WLA ϫ C57BL͞6J) F 1 ϫ C57BL͞6J backcross for genetic mapping. In a cohort of 190 such mice, 96 (51.5%) were qualitatively scored as ECM susceptible when showing neurological symptoms typical of CM. All ECM susceptible mice died within 12 days after infection (Fig. 1) . The remaining mice were scored as ECM resistant, and they succumbed with evident signs of anemia at a later stage (Fig. 1) . We next performed a whole-genome scan in the 190 backcross mice using 132 microsatellite markers covering the genome with an average interval of 11 centimorgans (cM). The markers used were identified on the course of a polymorphism survey for WLA and 9 other wild-derived inbred mouse strains (25) . Because no obvious gender difference was observed in the parental strains or in the backcross cohort studied here (Fig.  1) , we included all individuals in this analysis independent of sex. The association of the phenotype with the genotype at each locus was evaluated by performing 2 tests on contingency tables and taking a P value Ͻ 0.0001 as evidence for significant genetic linkage (30) . Segregation analysis revealed that two chromosomal regions located on chromosomes 1 and 11 (Figs. 2 and 3) showed significant linkage to ECM resistance. An additional locus with suggestive linkage was also observed on chromosome 14. No evidence for linkage was found to any other chromosomal regions.
On chromosome 1 significant linkage was observed over a 20 cM region between marker loci D1Mit203 and D1Mit462, reaching the highest significance over D1Mit221 ( 2 ϭ 18.98; P ϭ 1.3 ϫ 10 Ϫ5 ) (Fig. 2) . Once the Tgfb2 (transforming growth factor ␤2) gene was found to map 0.5 cM centromeric apart from the D1Mit221 marker, we also genotyped the backcross progeny for this gene. The linkage observed for the Tgfb2 gene was equal to the marker with the highest significance value.
To our knowledge, no loci related to resistance to plasmodia infections have previously been identified in this region of chromosome 1. We have named this locus in the genetic control of malaria infection Berr1 (Berghei resistance locus 1).
Evidence for significant linkage on chromosome 11 spans a 7-cM region, reaching the maximum value at D11Mit338 ( 2 ϭ 16.51; P ϭ 4.8 ϫ 10 Ϫ5 ) (Fig. 3) . Also in this case this represents a new locus controlling malaria infections being designated Berr2. Additional markers provided evidence for suggestive linkage of ECM resistance to a region on chromosome 14 where D14Mit113 had the highest association ( 2 ϭ 10.19; P ϭ 1.4 ϫ 10
Ϫ3
). The WLA alleles at Berr1 and Berr2 are well overrepresented among the animals resistant to ECM indicating that these alleles mediate ECM resistance at these loci (Tables 1 and  2 ) with an estimated relative penetrance of 0.65 and 0.64, respectively.
To investigate whether resistance to ECM in the backcross progeny was contributed by the joint effect of these loci, we preformed two-locus interaction analysis. The relative penetrance of the combined genotypes of markers D1MIT221 and D11MIT338 in the backcross progeny suggested that the WLA allele at both these loci have a joint effect in the penetrance of the resistance phenotype (Table 3) . We modeled mathematically the joint effect of these loci on the linear, log odds of the penetrance, and on the liability scale using several genetic models of interaction (29) . The likelihood of fitted models (additive, multiplicative, and heterogeneity) was then compared with the likelihood of the observed data. When scaling the ECM resistance phenotype for log odds or for liability, we rejected the additive, multiplicative, and heterogeneity genetic models because the likelihood of the fitted models was significantly different from the observed data (P Ͻ 0.05) (29) . Modeling the joint effect of the Berr1 and Berr2 loci on the penetrance scale, however, did not rule out any of the fitted models of genetic interaction.
Discussion
Malaria is a severe infectious disease that is one of the most serious health problems worldwide. Because the interaction between the parasite and the host is extremely complicated, a better understanding of the genetics of host response stands to be essential. Some progress has been made both in the human and murine field to discovery loci encoding host resistance to malaria. However, the genetic component of malaria resistance͞ susceptibility is very complex, and additional approaches should be of use to disclose this problem. Mouse genetic mapping mainly rely on the use of common inbred laboratory strains, which are genetically closely related (31) . The limited degree of allelic variation, therefore, constitutes a restriction for genetic analysis. The use of wild derived inbred strains may overcome this because they constitute a repertoire of new and natural genetic variability and provide a larger spectrum of phenotypic differences that may not be found in conventional strains (25, 32, 33) . Previous examples have proven the usefulness of wild-derived inbred strain in the search of loci contributing to complex genetic traits (34) (35) (36) .
To exploit this approach and aiming to identify loci associated with resistance to ECM induced by P. berghei ANKA clone 1.49L infection, we used a cross between the susceptible strain C57BL͞6J and the highly resistant, wild-derived, inbred strain WLA (21) . We used this strategy, and found two new resistance loci, which has not been possible to identify using conventional inbred strains.
In the (WLA ϫ C57BL͞6J) F 1 ϫ C57BL͞6J backcross mice, around 50% of the progeny were ECM resistant, both in males and females. By genotyping 190 backcross individuals with 132 microsatellite markers, the resistance loci were identified on chromosomes 1 ( 2 ϭ 18.98, P ϭ 1.3 ϫ 10
Ϫ5
) and 11 ( 2 ϭ 16.51, P ϭ 4.8 ϫ 10 Ϫ5 ), and were designated Berr1 and Berr2, respectively. The WLA alleles at both these loci confer resistance to ECM, because it is over-represented among the resistant individual (in 67.0% for Berr1 and 64.9% for Berr2 in 94 ECM resistant mice). In fact, these results differ markedly from those of a study that used the DBA͞2 laboratory strain and reported that a locus on chromosome 18 was found to confer resistance to death by a severe form of malaria induced by infection with P. berghei ANKA (24) . Although is not clear whether this locus controls resistance to CM, the recent research on the genetics of murine malaria shows that the diversity of resistance loci reported by different laboratories may reflect the use of different parasite strains, mouse strains, and disease phenotypic manifestations.
To investigate the mode of interaction between Berr1 and Berr2, we used the statistical modeling of the joint effect of the two loci on the ECM resistance phenotype. Additive, multiplicative, and heterogeneity models of genetic interaction were fitted on the linear, log odds, and liability scales of penetrance (29) . The results do not indicate a likely model for the interaction of Berr1 and Berr2, although they suggest that the joint action of these loci is best observed at the level of the raw penetrance scale. It is important to note that the use of a backcross progeny may limit the power to discriminate between models because the modeling is limited to four genotype categories and because the penetrance within each genotype category may be influenced by the genetic background variation (29) . The poor segregation of the ECM phenotype in F 2 generation, where nine combinedgenotype categories are present, also suggests a strong interaction among the genetic factors conferring resistance to CM. In fact, the backcross results here presented predict that eight of the nine F 2 genotype categories at Berr1 and Berr2 could confer resistance to ECM. The development of congenic strains will provide a tool both to verify the mapping results and to produce double-congenic mice that allow enhanced power to analyze genetic interactions.
The regions identified as containing genes that contribute to ECM resistance are of a size that makes it rather futile to speculate on potential candidate genes. In the case of the Berr1 locus, however, we note that the Tgfb2 (transforming growth factor ␤2) stands out because it was reported that levels of Tgfb are inversely correlated with the severity of malaria infections in mice infested either with P. chabaudi or P berghei (37) (38) (39) . Furthermore, we observed that Tgfb2 maps in the region with the highest association to ECM resistance.
To further increase the resolution of the genetic mapping of Berr1 and Berr2, it will be necessary to establish congenic lines on the C57BL͞6J background harboring the respective chromosomal segments from the WLA parental strain.
The detailed analysis of each of the loci identified here will allow further dissection of the phenotype, and will contribute to the disclosing of the biological mechanisms involved in the resistance to CM, and will be useful in the further analysis of the genetic basis of CM in humans.
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